A new silicon hydride clustering model was developed to study the nucleation of particles in a low-temperature silane plasma. The model contains neutral silanes, silylenes, silenes and silyl radicals as well as silyl and silylene anions. Reaction rates were estimated from available data. Simulations were carried out for typical discharge parameters in a capacitive plasma. It was shown that the main pathway leading to silicon hydride clustering was governed by anion-neutral reactions. SiH 2 radical insertion was found to be important only in the initial stages of clustering, whereas electron-induced dissociations were seen to lead to dehydrogenation. Increased ion density (radiofrequency power density) leads to faster clustering due to increased formation of reactive radicals.
Introduction
Plasma enhanced chemical vapour deposition (PECVD) is widely used in the semiconductor industry to deposit layers of thin silicon films using silane or disilane precursor gases. This process suffers from gas phase nucleation of nanometresized particles. At present these particles are too small to be of any concern. However, according to the National Technology Roadmap for Semiconductors [1] , device sizes will drop to such an extent in the future that by the year 2012, particles of diameter 16 nm will be one-third the feature sizes, thus deeming them 'killer' particles. Apart from this harmful aspect, nanoparticles of the desired chemical composition and size may be useful for their electro-optical and mechanical properties [2] [3] [4] [5] . Amorphous Si:H films deposited under conditions at which nanometric particles can be observed in the films have also been shown to increase the performance of solar cells [6, 7 ]. An understanding of particle nucleation and growth will thus prove useful in suggesting methods not only to eliminate 'bad' particles but also to generate 'good' particles.
An insight into the steps in particle generation can be obtained from the experiments performed by Bouchoule and co-workers [8] [9] [10] [11] [12] . The authors suggest that particles in a silane plasma grow in three steps: initial nucleation followed by coagulation of small particles followed by the growth of bigger particles due to surface deposition of radicals. The authors also noticed a marked decrease in electron concentration during the coagulation phase. A corresponding increase in the electron temperature from 2 to 8 eV to maintain sufficient ionization was also observed. Plasma parameters thus changed drastically during particle growth. Models studying particle nucleation and growth in a plasma will have to account self consistently for the coupling between particle growth and changes of the plasma properties.
In this paper we try to shed some light on the clustering process which leads to the nucleation of particles. The pathway for silicon hydride clustering in silane plasmas has been a contentious issue. Watanabe and co-workers [13] [14] [15] [16] [17] inferred from their experiments that short lifetime radicals like SiH 2 play an important role in particle nucleation. By conducting experiments at various radio frequencies (RF) and observing the SiH 2 and particle density profiles, the authors concluded that short lifetime radicals are involved in many steps of the polymerization chain. From these observations the authors inferred that clustering proceeds by SiH 2 insertion reactions. However, other authors favour an anionic pathway over the neutral pathway proposed by Watanabe and co-workers. Since it is well known that anions in a plasma are trapped by the ambipolar potential, they are generally believed to be important in clustering due to their longer lifetime in the plasma. Hollenstein and coworkers [18, 19] studied the role of anions by measuring mass spectra and conducting partial depth modulation experiments on capacitive plasmas. The authors observed particle formation as long as the anions remained trapped in the plasma. However, no correlation was found between particle generation and neutral clusters. In fact, anionic clusters were found in greater sizes and concentration than neutral clusters. Positive clusters were seen to be restricted to clusters having six Si atoms or less. Positive ions were thus expected to play a negligible role in the cluster formation process, a fact also noted by other researchers [20, 21] . Based on their observations, Hollenstein and co-workers suggested a cluster formation pathway dominated by anion-neutral reactions. Apart from these reaction pathways for cluster formation, some authors also proposed that vibrationally excited species play an important role by providing energy for endothermic reactions [22] and by augmenting the dissociation process of silane [23] .
Model description
Our model for the clustering process in silane plasmas is based on the mechanism developed by Swihart and Girshick [24] and Girshick et al [25] for the clustering of neutral species in atmospheric pressure thermal CVD of silicon from silane. In this model, a group additivity scheme was used to predict the thermochemical properties of large silicon hydride clusters. Such a method has already been successfully implemented in predicting the thermochemistry of hydrocarbons [26] . For the silicon hydride clusters, twenty-six groups were defined and data were used from the ab initio calculations of Katzer et al [27] . The silicon hydrides were classified as silanes, silenes (the molecular formulae of these were suffixed with the letter A) and silylenes (molecular formulae suffixed with the letter B). The silanes are akin to alkanes in hydrocarbons. Silenes have a double bond between two silicon atoms and are physically similar to the double-bonded alkenes in hydrocarbons. The silylenes are isomers of silenes with two non-bonding electrons. A base reaction mechanism was incorporated from Ho et al [28] for neutral species containing one or two silicon atoms. For reactions between larger silicon hydrides, five reaction classes were defined [24] . The important premise used in determining the reaction rates was the fact that silylene insertions into Si-H and H-H bonds are known to be barrierless. The reverse elimination reactions were therefore assumed to have activation energies equal to the enthalpy of reaction. This scheme inherently takes care of structural differences of the reaction partners, i.e. whether cyclic or acyclic species are involved. Ring formation reactions were included as a separate class of reactions and equated to a reaction where a divalent Si atom inserts into an Si-H bond in the same molecule. The maximum cluster size considered in this mechanism was ten silicon atoms. All reactions leading to clusters with more than ten Si atoms were considered irreversible. These clusters with more than ten Si atoms were classified as 'particles'. We have used the same approach in our model which is described below.
The important reactions in our plasma model are the electron dissociation and attachment reactions, anion-neutral reactions, reactions involving silyl and H radicals and neutralization reactions. The silyl radicals are mono-radicals of the corresponding silanes and analogs of the alkyl radicals in hydrocarbons. The thermochemical data of the silyls have been obtained by the same group additivity method as used in [24] . The thermochemical data for silyls are given in table 1. Electrons are treated as a separate species having a temperature different from the surrounding gas species. The rate constants of electron-induced reactions depend on the electron temperature. Determining such a rate constant involves an integration of the energy dependent collision frequency over the electron energy distribution function (EEDF). In our current study we assume a Maxwellian EEDF although it should be noted that the EEDF often deviates significantly from a Maxwellian. By obtaining the rate constants at different electron temperatures, we can fit Arrhenius rate constant parameters to the data. Cross section data are available for the dissociation, ionization and attachment reactions of silane [29] [30] [31] [32] [33] [34] [35] and in some cases for disilane [36] . Reaction rate constants have been calculated in [37] for the following electron dissociation reactions of silane and hydrogen:
and
The dissociation of silane is assumed to have a branching ratio of 1:5 in favour of SiH 2 [35] . Since it is known that disilane has a dissociation cross section which is approximately twice that of silane [38] , the pre-exponential for the electron dissociation of disilane is assumed to be twice that for silane. Disilane dissociates predominantly as follows [35] Si 2 H 6 + e → SiH 3 + SiH 2 + H + e.
We assume that acyclic silanes with dangling SiH 3 groups are likely to dissociate by losing an SiH 3 radical, similar to the dissociation of disilane. These dissociation reactions are thus assumed to lead to the loss of an SiH 3 radical from the parent silane, for example,
The pre-exponentials of the rate constants for these reactions are estimated by counting the number of dangling SiH 3 groups in the cluster and multiplying the preexponential of the rate constant for disilane dissociation by this number. All other silicon hydrides are assumed to dissociate by elimination of a hydrogen atom, and the preexponential of the rate constant for such reactions is scaled on the basis of the number of hydrogen atoms in the cluster as compared to that in silane. The Arrhenius expressions for the rates of all the above reactions are noted in table 2.
Reaction rate parameters for dissociative attachment to silane are calculated as mentioned earlier, using the corresponding cross section data obtained from Bordage [39] . These dissociative attachment reactions lead to the formation of SiH − 3 and SiH − 2 anions. Reaction rates for electron attachment to larger silicon hydrides are calculated using the formula [35] k A ≈ 5.3 × 10 −10 T 
where T e is the electron temperature, T is the gas temperature and P is the pressure. We assume nondissociative attachment when considering silyls and silylenes and dissociative attachment when considering silanes. This favours the formation of anionic radicals [18] . The formation of negative ions of silanes may not be possible since ab initio calculations show that silanes have a negative electron affinity [40] . The H radical formed in equation (3) reacts with silane leading to hydrogen abstraction
The reaction rate constant for this reaction is available in [37] . This hydrogen abstraction reaction is possible for all larger silicon hydrides, and as a first estimate we use the same rate parameters for these reactions as for reaction (7) . These rate parameters are noted in table 2.
Both the electron dissociation of silanes and hydrogen abstraction from silanes create the highly reactive silyl species. The recombination reaction between two silyls is assumed to be barrierless. Following the same principle used for silylene insertion reactions in the neutral mechanism, we calculate the activation energy of the reverse reaction from the enthalpy of the reaction. Any reaction leading to a cluster with more than ten silicon atoms is considered irreversible.
We thus write the following reactions
Anions
Anions are formed from neutral clusters via attachment reactions discussed above. Unfortunately, there is little information about the thermochemical properties of anions. However, since the anions differ from the corresponding neutrals by an extra electron, we can assume that the presence of the electron will not add any significant vibrational or other excitation modes to the neutral and hence the specific heat of the anion can be assumed to be close to that of the neutral. The enthalpy of the anion will be smaller than that of the neutral by an amount equal to the electron affinity of the neutral, since the neutral loses this energy by attaching the electron. The entropy of the anion is assumed to be equal to that of the neutral. Electron affinity data for all silicon hydride clusters with up to seven silicon atoms have been calculated using ab initio methods by Swihart [40] , and our model includes these data. These electron affinities are given in table 3 [40] . Swihart [40] has fit the calculated electron affinity data of acyclic silicon hydrides to curves which can be extrapolated to calculate the electron affinities of clusters having eight or more Si atoms. For reactions involving anions, we consider both clustering as well as neutralization reactions. Extrapolating from known ion-neutral reactions of small silicon hydrides [35] , we consider the following reactions
Si
Usually, reaction rates for these reactions are calculated using Langevin rates [35] , but we have used Langevin rate constants reduced by an order of magnitude, as Langevin rates are known to overestimate the actual rates by an order of magnitude or two. Langevin rate constants (k L ) are calculated as follows [35] ,
In this equation α refers to the polarizability of the neutral atom or molecule (in Å 3 ) and m r is the reduced mass (in amu) of the two reacting species. The polarizability is given by a scaling law [35] 
where the polarizability of SiH 4 of 4.62 (Å 3 ) is used. Since in the above reactions both directions represent ion-molecule reactions, it is not clear a priori which direction has to be taken as the forward direction. We have assumed that the exothermic reaction is the forward direction always. In this way we ensure that the reaction rate constants for both forward and backward reactions are smaller than the Langevin rate. This is physically reasonable since the Langevin rate is an upper bound for the actual reaction rate.
For the neutralization reactions, we assume that SiH + 3 is the most abundant positive ion [19] , and we neglect larger positive ions for simplicity. Based on available information [30, 41] , any reaction involving an anion with fewer than four Si atoms is assumed to result in charge exchange, whereas reactions with larger anions lead to a larger neutral cluster. However, our calculations of the change in free energy show that clustering is the favourable reaction in all cases. The reaction leading to charge exchange leads to a large positive change in free energy and thus should be unfavourable. Thus all the neutralization reactions are written as follows
The reaction rate coefficient for these reactions is calculated from [35] . Although these reactions have a weak dependence on the gas temperature and the size of reaction partners, we currently are using a constant reaction rate coefficient (k n ) of 1.74 × 10 16 cm 3 s −1 for these reactions, representative of a gas temperature of 500 K. We expect variations due to size and temperature to be within a factor of two [42] .
Electron detachment from anions is currently neglected.
Solution procedure
The reaction mechanism consists of more than 300 species and 5500 reactions (with more than 3000 reversible reactions) and is solved for a zero-dimensional system using a modified version of SENKIN [43] . We currently are not able to treat transient gas heating or different temperatures for different species due to exothermic reactions. Instead, we consider the gas temperature as constant. This code uses a system of rate equations for the molar concentrations of the species involved. We have modified the code by introducing an additional loss term into the balance equations to account for diffusion losses. The rate equations have the general form,
where X k is the molar concentration of species k andṠ k is a source or sink term, which is split as followṡ
S kR is the source/sink term due to reactions and has the forṁ (21) where we sum over all reactions from i = 1 to I . The terms ν ki and ν ki represent the stoichiometric coefficients of the species k in the respective reactions. The forward and reverse rate constants of the reaction i are represented by k f i and k ri respectively. The superscript K represents the total number of species. The concentration of the species k is represented by [X k ]. The diffusion loss term represented byṠ kD is simply the product of the diffusion frequency ν Dk for the species k and its concentrationṠ
The diffusion frequency is given by D k / 2 where D k is the diffusion coefficient of species k in the surrounding gas and is a typical diffusion length. With the exception of the discussion of the impact of the sticking probability at the end of the paper, we assume that the species stick to the walls with a probability of one. However, if a non-unity sticking coefficient is assumed, then the effective diffusion length is increased. This is calculated by assuming a cosine profile for the density of the species and finding the length where the density goes to zero if a particular sticking coefficient is assumed at the walls.
The diffusion coefficient of each species is calculated on the basis of Chapman-Enskog theory [44] for binary gas systems. We consider the diffusion of all species in a background of SiH 4 gas since it is the most abundant species at any time. The diffusion loss term is applied only to the neutral clusters and not to anions since these are assumed to be trapped in the plasma.
We assume that a continuous influx of SiH 4 into the reactor replenishes the SiH 4 lost to clustering and diffusion (film growth). Hence we assume a constant SiH 4 concentration. For capacitive RF discharges the positive ion density can be assumed to be roughly proportional to the RF power density. Thus we use the positive ion density as an input parameter synonymous with the RF power density and we keep it constant. The diffusion termṠ kD equals zero for anions, and the entire termṠ k equals zero for silane (SiH 4 ) as well as for the positive ion (SiH + 3 ) species. The electron concentration is calculated at each time step by using plasma quasi-neutrality, n e = n p − n n (23) where n e , n p and n n denote the number densities of electrons, positive ions and negative ions, respectively. The electron temperature is recalculated every time the electron concentration changes by one per cent. The ion balance equation is used to compute the electron temperature. Equating the source terms for the ions with the loss terms gives us the following equation k i n g n e V = k r n p n n V + i A
where k i is the ionization rate constant and k r the recombination rate constant. The term n g denotes the number density of neutrals, V is the volume of the reactor and A the surface area. The ionization coefficient k i (in units of m 3 s −1 ) for ionization of SiH 4 is given by [37] k i = 3.06 × 10 −8 T −1.3 e e −184820/Te (25) and k r has the value of 2.8 × 10 −14 (m 3 s −1 ) [35] . i is the positive ion diffusion flux density to the walls. The positive ion diffusion coefficient D a+ in an electronegative plasma is approximately given by [45] 
where D + is the positive ion free diffusion coefficient, γ (=T e /T i ) is the ratio of electron temperature to ion temperature (which is equal to the surrounding gas temperature) and α (=n n /n e ) is the ratio of negative ion to electron density.
Results and discussion
Simulations were carried out for a pressure of 100 mTorr, gas temperatures of 500 K and 650 K, and four different values of ion density in the range 3 × 10 9 cm −3 to 1 × 10 11 cm −3 . The initial electron concentration is set equal to the positive ion concentration. The system is allowed to develop for a period of one second and the species concentrations as well as the electron temperature and density are obtained at various time intervals in between. Figures 1 and 2 show the results for clusters with up to ten silicon atoms for ion densities of 3 × 10 9 cm −3 and 1 × 10 11 cm −3 , respectively. For reasons of clarity, the concentrations of all species having an equal number of silicon atoms are summed and represented by a single line. The gas temperature in both figures is 500 K. To emphasize their different behaviour, neutral and anionic clusters have been plotted separately. The electron concentration is plotted with the anions. From the plot for anions, we note that the electron concentration drops as more and more negative clusters are produced. At the lower ion density (see figure 1 ), except for clusters with five or eight silicon atoms, neutral clusters with more than three silicon atoms reach approximately the same concentrations. We also notice that all anionic clusters have nearly the same concentrations except for clusters with four and seven silicon atoms, respectively. As will be shown in the section discussing the reaction pathway, anion-neutral reactions determine the clustering rate and these reactions have nearly the same rates for all cluster sizes. This leads to the anionic clusters having nearly equal concentrations. The neutral clusters are seen to be formed due to neutralization of the anions. Since the neutralization rate constant has been assumed to be the same for all reactions, the neutral clusters with more than three silicon atoms are all produced at the same rate. This results in nearly equal densities for all neutral clusters with more than three silicon atoms. We can now explain why the anionic clusters with four and seven silicon atoms have higher concentration than the rest. Two separate chains of anion-neutral reactions form the dominant clustering chains. One of the chains involves an anionic silyl reacting with SiH 4 to give a larger anionic silyl, and the other involves an anionic silylene reacting with SiH 4 to give a larger anionic silylene. There are two bottlenecks in the anionic silyl clustering chain. The reactions 
are both energetically unfavourable since they lead to a positive change in free energy ( G), whereas the other reactions in the chain lead to a negative change in the free energy. The Si 7 H − 15 . Since the neutralization reactions lead to the formation of Si 5 H 12 and Si 8 H 18 , the concentrations of these two species increase to a value more than that of other neutral clusters having more than three silicon atoms.
For neutral clusters with less than three silicon atoms, clustering via SiH 2 insertion is significant and hence these clusters show higher density. SiH 2 insertion reactions are thermally driven reactions and become important at higher gas temperatures. For the larger silicon hydrides these reactions are significant only at temperatures above 1000 K. At the temperatures considered in the present simulations (500 K and 650 K) these reactions are not significant for neutral clusters with more than three silicon atoms.
For the case of higher positive ion density (figure 2), we note again that anionic clusters with four and seven silicon atoms have a higher density than other anionic clusters. Comparing both plots, we also observe that an increase of positive ion density leads to faster clustering. 'Particles' are produced at the rate of 10 −10 mol cm −3 s −1 in the higher positive ion density case as compared to 10 −13 mol cm −3 s −1 in the lower ion density case. The ion density is also seen to affect the ratio of neutral to anionic clusters. For the case of higher positive ion density we observe that the neutral clusters have a higher number density than the anions, whereas the opposite is true for the case of lower positive ion density. If we consider the clusters with more than three silicon atoms, then in the lower ion density case, anionic clusters have a concentration roughly seven times that of the neutral clusters, whereas in the higher ion density case, the concentration of the neutral clusters is nearly four times that of the anionic clusters. The faster clustering at higher positive ion density can be explained by the fact that the corresponding higher electron density leads to an increased production of reactive radicals and anions. The concentrations of neutral clusters are higher in the case of higher positive ion density because the reaction rates for neutralization are faster.
Using the higher gas temperature of 650 K does not affect the temporal evolution of concentration profiles significantly. Essentially the SiH 2 insertion rate into neutral clusters increases, especially that of SiH 2 insertion into Si 3 H 8 to give Si 4 H 10 . However the anion-neutral clustering mechanism slows down mostly due to the lower SiH 4 density at the higher gas temperature. This leads to a slower clustering rate at the higher gas temperature, but this change is too small to be noticeable. Figure 3 shows the neutral cluster concentrations for gas temperatures of 500 K and 650 K and at a positive ion density of 1 × 10 11 cm −3 . The plots look similar except that the concentrations of neutral clusters with more than three silicon atoms at 500 K are nearly 1.5 times higher than those in the 650 K case. It should be noted that we have also carried out calculations for the same conditions but with the electron dissociation and attachment reactions turned off. We have observed no clustering in these simulations, which demonstrates the importance of electron-induced reactions for the gas temperatures found in typical PECVD systems. Figure 4 shows the lumped concentration of all clusters which are formed irreversibly in our mechanism and which we call 'particles'. The plot is for a gas temperature of 500 K and for the different ion densities used. The increase in clustering as a result of increased ion density is noticeable. The higher gas temperature of 650 K does not significantly affect the 'particle' concentration (figure not shown here). At the higher tem- Figure 6 . Dominant anionic reaction pathways at steady-state (T gas = 500 K, N i = 3 × 10 9 cm −3 ); the numbers indicate net reaction rates in units of 10 −15 mol cm −3 s −1 .
'Particle' concentration
perature the particle growth seems to start later, but reaches the same concentration as at the lower temperature. It must be noted that we have not included coagulation and surface growth in our model. The 'particle' concentration will drastically change in the presence of coagulation. Also as bigger particles are formed, surface growth will result in the depletion of the smaller reactive species. This will slow down the clustering reactions and hence the production rate of particles.
Reaction pathways
This section discusses the dominant pathways in the reaction mechanism. Figure 5 is a legend showing what various arrows denote in the figures depicting the reaction pathway. In figures 6-9, we plot the most prominent reactions for a given set of conditions at a time when steady state is reached. Again the anionic and neutral pathways are plotted separately for clarity. Figure 6 shows the anionic pathway for T gas = 500 K and an ion density of 3 × 10 9 cm −3 . Only reactions with a net rate greater than 10 −16 mol cm −3 s −1 are shown. We observe two main anionic clustering pathways, which involve silyl and silylene negative clusters, respectively. Both reaction chains are based on a negative silylene or silyl reacting with a neutral SiH 4 molecule and eliminating H 2 . These are reactions 43 and 46 in table 2 with i = 1 and j = 2. Consequently, the most prominent 'particles' formed are Si 11 hypothesized by other authors [18, 22, 46, 47] . The anionic silylene chain has nearly a constant reaction rate. However in the anionic silyl chain, we note that the chain slows down in the conversion from Si 4 H − 9 to Si 5 H − 11 and further in the conversion from Si 7 H − 15 to Si 8 H − 17 . These reactions (involving silane addition and corresponding H 2 elimination) have G values of 7 kcal mol −1 and 9.4 kcal mol −1 , respectively, which are higher than the other reactions in this chain. Si 8 H 17 and Si 5 H 12 have a relatively smaller electron affinity than the other silyls due to their structure. In both cases, the radical rests on a silicon atom at the end of a chain, whereas for other silyls it rests on a silicon atom that is attached to at least two other silicon atoms. The formation of Si 5 The main loss mechanism for anions is the neutralization reactions, which are all assumed to have the same rate constant. The rates of neutralization reactions are smaller than the dominant clustering pathway. However, as discussed earlier the higher concentrations of Si 4 Figure 7 shows that none of the neutral clustering reactions are as fast as the ion-neutral reactions. There are some fast clustering reactions involving SiH 2 insertions into small neutral silicon hydrides. Large neutral clusters are mainly produced through neutralization reactions which involve the recombination of the anions with SiH + 3 . Due to the increase in Si 8 H 18 production from the neutralization reaction discussed above, we see that further electron dissociation and ring formation reaction rates also increase. These lead to the formation of Si 7 H 14 B and Si 7 H 14 respectively. Figures 8 and 9 show the anion and neutral clustering pathways at the higher positive ion density of 1 × 10 11 cm −3 .
Here the most prominent 'particle' formation reactions have a reaction rate of the order of 10 −10 mol cm −3 s −1 . The figure shows all reactions which have a rate faster than 10 −12 mol cm −3 s −1 . We see that the clustering pathways remain the same but have a rate which is faster than that for the case of an ion density of 3 × 10 9 cm −3 . As noted before, the clustering chain involving anionic silyls shows a bottleneck at the conversion from Si 4 
Mass Spectra
In figures 10-12 we plot histograms of the cluster mass distribution for the steady state system. These diagrams can be considered as theoretically predicted mass spectra. The anions and neutrals have been plotted separately for clarity. In figure 10 , the histograms are for an ion density of 3 × 10 9 cm −3 and a gas temperature of 500 K. For all anionic clusters, only two different species are observed in significant numbers within a size group (i.e. with same number of Si atoms). These are always the most hydrogenated silylene and silyl anion of a particular size. Consequently among neutral clusters with more than three silicon atoms, the corresponding products of neutralization (a silane and a silyl respectively) show the maximum concentration. As observed earlier, among clusters with more than three silicon atoms, the concentration of anionic clusters is larger than that of neutral clusters. Figure 11 shows a similar plot but at an ion density of 1×10 11 cm −3 . The presence of more dehydrogenated clusters than in figure 10 is obvious. In some cases, dehydrogenated clusters are more abundant than fully saturated ones. This is especially true for neutral clusters. Also, the concentration of the neutral clusters is larger than that of the anions as observed earlier. We can qualitatively compare this with the results of Hollenstein et al [48] , who have obtained mass spectra of silicon hydride clusters in their experiments with RF plasmas using pure silane or silane mixed with oxygen. The authors have used a reactor uniformly heated to 473 K. In their experiments, they observed anionic species which were more dehydrogenated than those predicted by our mechanism. The authors proposed a model wherein a silyl anion radical chain propagates, similar to our reaction chain where a negative silyl ion reacts with SiH 4 with H 2 elimination. To explain the increased dehydrogenation observed in their experiments, the authors assumed that some of these reactions lead to elimination of two H 2 molecules. The elimination of two H 2 molecules should however be a less important reaction, since such reactions would require more energy to proceed. The presence of a bottleneck in the silyl anion clustering chain also makes this chain slower than the silylene anion clustering chain. Hollenstein et al [48] also observed an exponential decrease in the number density of anions for bigger clusters whereas our simulations indicate that all anionic clusters with more than five silicon atoms (except for anionic clusters with seven silicon atoms) show nearly equal density. However, in these discussions we should bear in mind that mass spectra predicted by our simulations and those observed by Hollenstein et al [48] correspond to different situations. Our model predicts the spectra in an active steady state discharge whereas Hollenstein et al [48] had to observe their mass spectra in the afterglow of a pulsed discharge. The measured mass spectra are likely to be modified by electron attachment, which becomes very efficient in the cold afterglow of a plasma. Also, the plots by Hollenstein et al [18, 46] are uncorrected for any mass-dependent falloff in the sensitivity of the spectrometer, which may lead to discrepancies at higher masses in the spectrum. The experimental mass spectra may also reflect the influence of different transport properties of different size clusters. Besides, it should be noted that our mechanism currently does not account for vibrational excitation of species which may enhance certain reactions [22] . We have also not included any coagulation or surface growth mechanisms in our model. The cluster concentrations from our simulations may look different in the presence of these mechanisms.
Role of SiH 2 species
According to Watanabe and co-workers [16, 17] , SiH 2 is the major growth species in the clustering observed in silane plasmas. SiH 2 insertion was also noted as a prominent reaction in the thermal reaction mechanism [24] . We find that SiH 2 insertions do indeed play an important role in the formation of smaller silicon hydride clusters. These reactions have a reaction rate on the order of ion-neutral clustering reactions, but only up to clusters with three silicon atoms. At larger sizes we do not observe any important reactions involving SiH 2 . It must be mentioned that the reaction rate constants for SiH 2 insertions into smaller neutral clusters (having one or two silicon atoms) were obtained directly from the literature, while those for the larger clusters were estimated (as discussed in the model description). However SiH 2 insertion is largely a thermal reaction driven by the temperature of the gas, and we notice that this insertion rate into bigger clusters increases by nearly an order of magnitude while going from 500 K to 650 K. Thus, we expect these reactions to be important for the larger clusters only at higher gas temperatures.
In summary we observe that clustering predominantly occurs via the anionic pathway, though neutral reactions are important for the smaller clusters. At present, our model suggests that dehydrogenation and formation of cyclic structures results mainly from electron-induced dissociation of neutrals. Reactions leading to dehydrogenation are present also in the anion-neutral mechanism, but the predominance of SiH 4 in the gas leads to fast reactions only between anions and SiH 4 , which preserve the degree of dehydrogenation. In fact clustering via this route is at least three orders of magnitude faster than any competing neutral pathway. In essence, we expect that larger linear clusters are formed in the anionic system, while dehydrogenation and ring formation occur among the neutral clusters.
Role of wall sticking coefficients
In all the above calculations, we have assumed that neutrals diffusing to the wall stick with a probability of unity. Sticking coefficients (γ ) on polycrystalline silicon are known for reactive radicals like SiH 2 , SiH 3 , Si 2 H 4 B and Si 2 H 5 . For disilane, γ is known to be less than 10 −3 [28, 49, 50] . Data for larger clusters are unavailable.
To study the effect of wall sticking coefficients, we have also carried out calculations (N i = 3 × 10 9 cm −3 and T gas = 500 K) assuming γ to equal unity for radicals containing one or two silicon atoms. For disilane and all larger clusters, we have assumed γ to be 10 −3 . Subsequently, the slower diffusion of neutral clusters, compared to the cases where the sticking coefficient is assumed to be unity for all species, leads to an accumulation of neutrals. This longer residence time also leads to an increased probability of dehydrogenation of the neutrals, and we observe higher concentrations of dehydrogenated species among the neutrals, as can be seen from figure 12. The ion-neutral clustering rate still remains much faster than the neutral clustering rate. This picture is perhaps a better representation of the clustering mechanism, as it accounts for the fast clustering as well as the dehydrogenation observed in experiments [48] .
It should be mentioned that the neutral clustering pathway becomes comparable to the anionic pathway only if γ is assumed to be 10 −3 for SiH 2 and SiH 3 , since this increases the reaction rate of SiH 2 and SiH 3 insertion reactions. However, since γ is known to be closer to one for these species, the predominance of anionic clustering seems to be more realistic.
Conclusion
The process of clustering in low-pressure silane plasmas was studied by developing a detailed reaction mechanism that included both thermal and plasma chemistries. The thermochemical properties of all clusters were calculated using group additivity rules. Reactions were defined and their reaction rates were estimated based on known rates of reactions of small molecules. Langevin rates reduced by an order of magnitude were used for anion-neutral reactions. It was found that increasing ion density (i.e. RF power density) leads to faster clustering and more dehydrogenated clusters. The anionic pathway was found to be the main pathway for silicon hydride clustering. SiH 2 insertion in neutral clusters was found to be important only among the small silicon hydrides with up to three or four silicon atoms. Dehydrogenation and ring formation mostly occur through neutral reactions. In the future we plan to add coagulation of clusters and surface chemistry to the model and then to extend it to a two-dimensional system. In the long term we plan to couple this model to a self-consistent plasma model.
